We report on the experimental demonstration of the metrological and spectroscopic performances of a mid-infrared comb generated by a nonlinear downconversion process from a Ti:sapphire-based near-infrared comb. A quantum cascade laser at 4330 nm was phase-locked to a single tooth of this mid-infrared comb and its frequency-noise power spectral density was measured. The mid-infrared comb itself was also used as a multifrequency highly coherent source to perform ambient air direct comb spectroscopy with the Vernier technique, by demultiplexing it with a high-finesse Fabry-Perot cavity. Here we report on the metrological and spectroscopic performances of a MIR OFC generated by a nonlinear downconversion process from a NIR OFC. The MIR OFC served both as an accurate and highly stable phase/frequency reference for a CW quantum cascade laser at 4330 nm, thus enabling high-precision spectroscopy with a powerful and narrow linewidth MIR source, and as a multifrequency highly coherent MIR source to perform high-sensitivity broadband direct comb spectroscopy in ambient air with the Vernier technique.
Since the advent of optical frequency combs (OFCs) [1] , high-precision spectroscopy has been benefiting from a tool with unprecedented metrological features [2, 3] . Nowadays, the development of OFCs in the visible and near-infrared (NIR) domains has reached such a maturity level as to be commercially available. As a consequence, the number of applications of OFCs is growing more and more, ranging from the calibration of astronomical spectrographs [4] , to the development of optical atomic clocks [5] . The frequency coverage of OFCs is rapidly improving [6] , up to the extreme ultraviolet [7] and down to the terahertz [8] spectral regions. The extension of OFCs to the mid-infrared (MIR) is of particular interest [9] , since many molecular species have strong ro-vibrational transitions in this spectral region. Therefore, OFC-assisted MIR precision spectroscopy is a powerful tool both for investigating the internal structure of molecules (and all related fundamental physical laws and/or constants) and for identifying and quantifying trace gases (even down to sub-ppt concentrations [10] ) in several application fields (atmospheric monitoring, security, medical diagnostics, and so on).
Different approaches have been pursued to generate MIR OFCs: with difference-frequency generation (DFG) processes either between a NIR OFC and a continuouswave (CW) laser [11] [12] [13] or between two spectral portions of the same NIR OFC [14] [15] [16] [17] [18] ; with optical parametric oscillators pumped by NIR OFCs [19] [20] [21] [22] ; with χ 3 nonlinear processes occurring in high-Q monolithic microresonators [23, 24] .
Quantum cascade lasers (QCLs) parallel OFCs in their rapid development and represent a mature technology for providing powerful, tunable, and narrow-linewidth coherent sources for precise measurements in the mid/far-infrared spectral region [25] . Phase/frequency stabilization of QCLs against OFCs was achieved with different schemes. MIR QCLs were phase-locked to NIR OFCs either by optical injection locking [26] or by heterodyne beating [27] with OFC-referenced DFG radiation. Similarly, sum-frequency generation with NIR OFCs was used for upconverting MIR QCLs and heterodyne beating them with different spectral portions of the same OFCs [28] . Recently, direct comb emission from a QCL was demonstrated [29, 30] .
Here we report on the metrological and spectroscopic performances of a MIR OFC generated by a nonlinear downconversion process from a NIR OFC. The MIR OFC served both as an accurate and highly stable phase/frequency reference for a CW quantum cascade laser at 4330 nm, thus enabling high-precision spectroscopy with a powerful and narrow linewidth MIR source, and as a multifrequency highly coherent MIR source to perform high-sensitivity broadband direct comb spectroscopy in ambient air with the Vernier technique.
By using the experimental setup shown in Fig. 1 and described, with more details, in [13] , we generated a MIR OFC and phase-locked a room-temperature CW distributed-feedback (DFB) QCL around 4330 nm to a single tooth of the comb. This was done by superimposing a fraction of the QCL beam (about 1 mW) with the MIR OFC beam and sending them to a liquid-N 2 -cooled HgCdTe photodiode (200-MHz bandwidth, PD1 in Fig. 1 ). Figure 1 shows the detected beat-note between the QCL and the nearest comb tooth, as recorded by a RF spectrum analyzer. The beat-note frequency was phase-locked to a local oscillator provided by a RF signal generator, by using a home-made phase-detection electronics with hybrid analog/digital architecture. The phase-error signal was processed by a proportional-integral controller. The servo bumps confirm a phase-locking bandwidth of about 400 kHz, mainly limited by the QCL frequency modulation behavior. The phase-locking efficiency η 73% was estimated as the ratio between the areas of the resolution-bandwidth-limited carrier and the whole beat-note spectrum. From the formula η e −ϕ 2 rms we calculated a residual rms phase-noise ϕ rms 0.56 rad, as an estimate of the phase-locked loop performance. We remark that the possibility of phase locking the QCL to one arbitrary MIR OFC tooth within its working range (which for a standard DFB QCL spans about 300 GHz) makes the MIR OFC itself a sort of universal absolute frequency reference for this class of lasers.
A free-running QCL linewidth of about 400 kHz is inferred from the free-running beat-note of Fig. 1 , by considering the few kilohertz linewidth we measured for the MIR OFC tooth [13] . Instead, a full characterization of the phase-locked QCL linewidth behavior at different time scales can be only retrieved by measuring its frequency-noise power spectral density (FNPSD). To that purpose, we used an empty 1-m-long high-finesse Fabry-Perot (F-P) cavity (finesse F ≈ 8000 at 4330 nm) as a frequency-to-amplitude converter. Figure 2 shows a comparison between FNPSDs of the phase-locked QCL measured in this work and of the MIR OFC measured in our previous work [13] . Both spectra have been compensated for the F-P cavity cutoff, corresponding to a 8.5 μs ringdown time for resonant photons. The quite good agreement between the two recorded noise spectra confirms the validity of what we assumed in the previous work, i.e., that measuring the FNPSD of many comb teeth together (simultaneously tuned on the same F-P cavity fringe side) yields the same result as measuring it for a single comb tooth. It is worth noting that this further confirmation of the MIR OFC high coherence degree was enabled by the phase-locked QCL, used as a tracking oscillator "amplifying" a single comb tooth, otherwise too weak to be measured. By properly integrating the FNPSD spectrum of the phase-locked QCL [31] , we can retrieve a linewidth of about 4.6 kHz over 1 s, with a narrowing factor of about 100. This value is a bit larger than what was measured for the MIR OFC (2 kHz), mainly due to residual 1∕f frequency noise of the QCL. Such a single-frequency narrow-linewidth, absolutely referenced MIR coherent source with tens of milliwatts of power can serve as a unique tool to perform high-precision/ sensitivity molecular spectroscopy, also exploiting recently developed sub-Doppler techniques [32] .
Alternatively, the multifrequency MIR OFC itself can be used for broadband direct comb spectroscopy. A convenient technique to go this second route is the Vernier technique [33] , which proved to be able to resolve all individual teeth of the MIR OFC, as described below. We would like to point out that this approach was enabled by the high average power (about 1 μW) and narrow linewidth (about 5 kHz) of each tooth. Since our F-P cavity has a free spectral range FSR ≈ 150 MHz and the signal NIR OFC has a repetition rate f r ≈ 1 GHz, the simplest Vernier ratio to make the MIR OFC teeth simultaneously resonant with the F-P cavity (neglecting the mirrors dispersion) is
where L 0 ≈ 1 m is the fixed resonance length of the F-P cavity. In order to resolve the single teeth, we chose a repetition rate f r of the NIR OFC that was deliberately slightly detuned from the value f r0 that perfectly satisfies the Vernier condition in Eq. (1). We scanned the cavity length by applying a voltage ramp to three PZT actuators moving one of the two mirrors. We plot in Fig. 3 the measured spectrum of the MIR OFC, as transmitted by the empty F-P cavity and detected by a liquid-N 2 -cooled InSb photodiode (1-MHz bandwidth, PD2 in Fig. 1 ). The MIR OFC spectrum exhibits a FWHM of about 200 GHz, due to the spectral bandwidth of quasi-phase-matching (QPM) conditions, with strong amplitude inhomogeneities, mainly due to absorption from CO 2 in ambient air over 2 m path length. The absolute frequency scale was retrieved in two steps. First, a relative, linear frequency scale was calculated by fitting the length-to-voltage response of the PZT actuators to a 5th-order polynomial curve, by using the comb teeth as frequency markers with spacing equal to 3f r . Second, the molecular 
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Free running Locked Fig. 1 . Experimental setup. Inset: beat-note between the QCL and one MIR OFC tooth, in both free-running and phase-locked conditions. Fig. 2 . Comparison between FNPSDs measured for the MIR OFC (see [13] ) and for the phase-locked QCL, retrieved by using the F-P cavity as a frequency-to-amplitude converter. The MIR comb trace is noisier than the QCL one, due to lower available power.
absorption features in ambient air were used (as a "natural" wavemeter) to retrieve the integer order numbers of the teeth. The spectrum plotted in Fig. 3 was measured by averaging 80 scans of the F-P cavity length and the measured full width at half-maximum (FWHM) of each single tooth corresponds to 55 kHz, which is wider than the cavity resonance linewidth (about 19 kHz), mainly due to cavity drift during the averaging time (4.75 s).
Given the 20∕3 Vernier ratio, when scanning the cavity length by a complete FSR, three subcombs were measured, each one with teeth spacing 3f r and shifted with respect to the others by f r . After properly interlacing the three subcombs, we obtained an overall MIR OFC with teeth spacing f r , whose central portion is shown in Fig. 4 . The transmission spectrum through 2 m path length in ambient air, as simulated by the HITRAN 2012 database [34, 35] , is also plotted in the same figure.
The agreement between the experimental MIR OFC transmission spectrum in air and the HITRAN simulation is very good. Actually, the spectrum of the generated MIR OFC depends both on the parent NIR OFC and on QPM conditions. Therefore, to make the visual comparison above easier, the experimental data plotted in Fig. 4 were normalized to make the amplitude of the MIR OFC teeth as flat as possible. This was done by dividing the original spectrum of each subcomb by an envelope Gaussian curve with the same center and width.
In conclusion, we have shown that a low-frequencynoise MIR OFC can be exploited to phase lock a QCL to one of its spectral teeth, thus absolutely referencing the QCL frequency and narrowing its linewidth by about 2 orders of magnitude. Furthermore, the comb nature of this absolute frequency reference also makes it a unique tool either for simultaneously referencing several MIR lasers with Cs-clock traceability, or for phase locking one MIR laser to another, acting as a transfer oscillator with hundreds of gigahertz bandwidth. Finally, we have shown that this MIR OFC is suitable as a direct source for broadband high-precision molecular spectroscopy at atmospheric pressure. When detecting a sample gas with lower concentration than ambient CO 2 (∼400 ppm) and/or weaker lines, the achieved sensitivity can be pushed even further by using the F-P cavity itself as a spectroscopy cell with ∼5 km effective absorption length. For all these purposes the wide tunability of this setup (4.2-5.0 μm), limited by both the Ti:sapphire laser and the spectral bandwidth of the high-finesse F-P cavity, is one of its selling points. 
